. This rotational excitation infers that dissociation occurs with the Ar atom significantly displaced from its equilibrium position above the center of the aromatic ring. From the average rotational energy it is determined that the Ar atom is, on average, displaced by 1.8 -3.7 Å from the center of the aromatic ring at dissociation, i.e., the Ar atom is beyond the carbon atoms. In the case of dissociation from the 29 2 level of p-difluorobenzene-Ar ϩ , the vibrational distribution within the p-difluorobenzene ϩ product is not known, however it can be inferred from previous studies of dissociation within S 1 . As for the 5 1 p-difluorobenzene-Ar case, the evidence suggests that dissociation leads to significant rotational excitation of p-difluorobenzene ϩ . There are a limited number of destination vibrations within the p-difluorobenzene and p-difluorobenzene ϩ fragments for dissociation from 5 1 (S 1 ) and 29 2 (D 0 ), respectively. Hence there are only a few, widely separated, values for the combined translational and rotational energy available. Despite this, the translational energy release distributions in both cases are smooth and structureless. In the limit of no rotational excitation of the polyatomic fragment, the translational energy release distributions would show peaks only at energies corresponding to populated vibrational states of the product. The absence of such peaks indicates that rotational excitation of the product occurs for all vibrational states, reducing the average translational energy released and smearing the distribution.
The partitioning of energy amongst vibration, rotation, and translation during the dissociation of p-difluorobenzene-Ar neutral and cation complexes . This rotational excitation infers that dissociation occurs with the Ar atom significantly displaced from its equilibrium position above the center of the aromatic ring. From the average rotational energy it is determined that the Ar atom is, on average, displaced by 1.8 -3.7 Å from the center of the aromatic ring at dissociation, i.e., the Ar atom is beyond the carbon atoms. In the case of dissociation from the 29 2 level of p-difluorobenzene-Ar ϩ , the vibrational distribution within the p-difluorobenzene ϩ product is not known, however it can be inferred from previous studies of dissociation within S 1 . As for the 5 1 p-difluorobenzene-Ar case, the evidence suggests that dissociation leads to significant rotational excitation of p-difluorobenzene ϩ . There are a limited number of destination vibrations within the p-difluorobenzene and p-difluorobenzene ϩ fragments for dissociation from 5 1 (S 1 ) and 29 2 (D 0 ), respectively. Hence there are only a few, widely separated, values for the combined translational and rotational energy available. Despite this, the translational energy release distributions in both cases are smooth and structureless. In the limit of no rotational excitation of the polyatomic fragment, the translational energy release distributions would show peaks only at energies corresponding to populated vibrational states of the product. The absence of such peaks indicates that rotational excitation of the product occurs for all vibrational states, reducing the average translational energy released and smearing the distribution. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1535419͔
I. INTRODUCTION
Aromatic-rare gas, -diatomic, and -small polyatomic van der Waals complexes have been examined extensively over the past two decades. Because of favorable spectroscopic and photophysical properties, studies of vibrational predissociation ͑VP͒ have focused on behavior within the first excited singlet state of these complexes. VP is now known to generally occur via a sequential mechanism involving an intramolecular vibrational energy redistribution ͑IVR͒ from the initially excited vibration within the aromatic chromophore to van der Waals modes, followed by dissociation. 1 At low initial vibrational energies, and correspondingly low vibrational state densities, the IVR rate is often mode specific and this is responsible for the VP rate itself being mode specific.
Using dispersed fluorescence, the vibrational states in the aromatic fragment populated during VP have been identified in a number of cases. Most relevant to the present work are the studies of p-difluorobenzene complexes by Parmenter's group. [2] [3] [4] Recently, mass analyzed threshold ionization ͑MATI͒ has been shown to provide an alternative method for observing the nascent vibrational population. 5, 6 There were early hopes that VP of van der Waals complexes would provide an alternative view of vibrational energy transfer during collisions, with predissociation being a ''half collision'' process. 7 However, while VP has proved to be a highly mode specific process, as is collision-induced vibrational energy transfer ͑VET͒, the state-to-state branching ratios are often different from those seen for VET. One issue that arises in comparing VP and VET is that van der Waals molecule dissociation is considered to involve a constrained initial geometry. 8 While there are reasonably extensive data concerning the partitioning of energy into the vibrational states of the aromatic product, there is relatively little known concerning its rotational and translational energy. A feature of the a͒ Author to whom correspondence should be addressed. Electronic mail: warren.lawrance@flinders.edu.au recent MATI studies of vibrational predissociation in fluorobenzene-Ar ͑Ref. 5͒ and p-difluorobenzene-Ar ͑pDFB-Ar͒ 6 is the broad width to the vibrational bands, indicating substantial rotational excitation of the aromatic fragment. Similar observations have been made in other systems, for example s-tetrazine-Ar, 9 aniline-Ar, 10 and pyrimidine clusters. 11 An early study of the translational energy released following dissociation of ethylene dimers indicated that only a small amount of the available energy is transferred into translation in this system, also revealing significant rotational excitation of the fragments. 12 There are few studies of the translational energy released during van der Waals molecule dissociation. In addition to the ethylene dimer, studies in the early to mid-1980s examined benzene dimers [13] [14] [15] and the benzene dimer cation. 16 Yoder and Barker have recently measured the translational energy released during dissociation of aromatic-monatomic/small polyatomic complexes with significant vibrational energy in the triplet state ͑2000-8000 cm Ϫ1 ͒. 17, 18 They found that only small amounts of energy ͑up to a few hundred wavenumbers͒ appear in translation, indicating that the products had significant energy remaining in the internal degrees of freedom. Our recent experiments on the translational energy released during dissociation of benzene-Ar ϩ and benzene-Ar 2 ϩ came to a similar conclusion. 19 Studies of the energy partitioning into the vibrational, rotational, and translational degrees of freedom can provide considerably more information on the dissociation dynamics than the study of partitioning into one of these alone. In this article we present the results of an investigation of the dissociation dynamics of pDFB-Ar neutral and cation complexes. Measurements of the translational energy released ͑TER͒ during dissociation from 5 1 (S 1 pDFB-Ar͒ and 29 2 (D 0 ,pDFB-Ar ϩ ) are reported. ͑Note: To differentiate the neutral and cation complexes, an upper bar is used to denote states or transitions within the neutral complex while a lower bar denotes either states of the cation complex or transitions from the neutral to the cation complex.͒ These measurements are undertaken using the technique of velocity map imaging, 20 an enhanced resolution variant of ion imaging. 21 The high resolution provided by velocity map imaging raises the possibility of observing structure in the TER distributions since for van der Waals molecule dissociation occurring at low vibrational energy there are few vibrational levels accessible to the product. In the case of 5 1 , our results are combined with previous measurements of the vibrational distribution of the products 2, 3, 6 to reveal that the majority of the energy released is to rotation of the pDFB fragment. We show that the conservation of angular momentum implies that, although the equilibrium position has the Ar atom centered above the aromatic ring, the Ar atom is on average well off-center at dissociation. Because the product vibrational state distribution has not been measured for 29 2 , the situation for this level is less well established. Nevertheless, we show that it is most likely that the dissociation dynamics also involve significant rotational excitation of the pDFB fragment.
The pDFB-Ar complex has been the subject of a large number of experimental investigations using a variety of approaches, including dispersed fluorescence, 2,3,22 resonanceenhanced multiphoton ionization ͑REMPI͒, 23 rotationally resolved UV spectroscopy, 24, 25 and mass analyzed threshold ionization ͑MATI͒ spectroscopy. 6 Ab initio calculations have been employed to predict the geometry and dissociation energy of the complex. 26, 27 Recently we have reported an experimental determination of the dissociation energy using velocity map imaging to observe the maximum translational energy released in dissociation in the S 1 and D 0 states of the neutral 28 and cation, 29 respectively.
II. EXPERIMENTAL DETAILS
The experimental setup and the method of data analysis are summarized in a previous publication from this group. 19 Briefly, the pDFB-Ar complex is excited to a chosen vibrational level in S 1 using a pulsed, frequency doubled dye laser. Absorption of a second photon of the same frequency leads to ionization. For 5 1 , the dissociation process of interest occurs within S 1 and the ionization step involves ionising the pDFB product. ͑ϳ25% of complexes are ionized and subsequently dissociate-see Sec. III A.͒ For 29 2 , dissociation does not occur within S 1 on the experimental time scale [2] [3] [4] 23 and the pDFB-Ar complex is ionized. The ionization process leads to the complex being produced in a number of vibrational states whose population distribution can be determined from photoelectron spectra. For pDFB-Ar ϩ produced above the dissociation threshold, dissociation occurs rapidly, producing pDFB ϩ and Ar. In both experiments pDFB ϩ ions are produced and their translational energy, gained during the dissociation process, is measured using velocity map imaging. Images are recorded as a histogram of ion count versus position. Cation images are calibrated using photoelectron images of pDFB taken with identical voltage settings but with the polarity reversed. Zero kinetic energy ͑ZEKE͒ spectra of pDFB 30 are used to calibrate the photoelectron images.
The images result from the expanding three-dimensional ͑3D͒ ion distribution being flattened onto two dimensions at the detector. The 3D distribution is recreated from the image using an inverse Abel transform. 31 For the images reported here there is no anisotropy in the two-dimensional distribution, which is consistent with previous measurements of the dissociation lifetimes for the complex, which show them to be long relative to the rotational period. [2] [3] [4] 23 This allows the experimental distribution to be collapsed to a onedimensional distribution of intensity versus image radius ͑a so-called radial plot͒ and this distribution processed using the inverse Abel transform. 18 The intensities in the transformed distribution are corrected to provide the desired distribution of intensity versus total translational energy released as discussed in Ref. 18 .
III. RESULTS

A. Dissociation of pDFB-Ar from 5 1
The TER distribution obtained from the velocity map image for dissociation following excitation of 5 1 is shown in Fig. 1 . The points are the experimental data. As the center of the image is contaminated by a peak due to MPI of pDFB in the molecular beam, the low translational energy region ͑Ͻ20 cm
Ϫ1
͒ of the distribution is not observed. However, this region could be observed in our earlier study of benzene-Ar ϩ and benzene-Ar 2 ϩ dissociation, where it was found that the distributions were fit by the form
͑1͒
The similarity between the distribution seen here and those seen previously argues that this form is also appropriate here. It is used to fit all distributions obtained. The fit is shown as a solid line in Fig. 1 . The parameters describing the fit to the distribution are listed in Table I . Two key features of the distribution are that it is smooth and featureless and that it decays to essentially zero by 300-350 cm
Ϫ1
. While it is known that complexes excited to 5 1 dissociate ͓predissociation lifetimes of 2.4 ns ͑Refs. 2-4͒ and 4.1 ns ͑Ref. 23͒ have been reported͔, some complexes will be ionized before they have dissociated in S 1 . It is thus necessary to determine both the extent to which the TER distribution shown in Fig. 1 pertains to dissociation in S 1 and the consequences of any contribution from dissociation in D 0 . pDFB ϩ and Ar fragments may potentially be produced from pDFB-Ar via either dissociation in S 1 followed by absorption/ionization of the S 1 pDFB fragment or by fragmentation in D 0 after absorption of two photons. Since the energy of 5 1 is above the S 1 dissociation energy and the combined energy of two photons at the wavelength of the 5 0 1 transition is above the D 0 dissociation energy (D 0 ϩ ), an image obtained after exciting the 5 0 1 transition may consist of pDFB ϩ ions produced by both pathways. 28, 29 The extent of dissociation in S 1 relative to D 0 can be determined from a combination of the photoelectron spectrum and the ratio of pDFB-Ar ϩ to pDFB ϩ ions produced. The photoelectron spectrum reveals the relative vibrational state populations produced in the pDFB-Ar ϩ cation by 1ϩ1 REMPI via 5 0 1 . From this and a knowledge of D 0 ϩ , the fraction of pDFB-Ar ϩ cations produced above D 0 ϩ , and hence dissociate, can be established. ͑It is known that dissociation occurs sufficiently rapidly above dissociation in D 0 pDFB-Ar that no complex signal is observed in the time of flight mass spectrometer. 6 ͒ The ratio of pDFB-Ar ϩ to pDFB ϩ ions detected shows the amount of undissociated cation to the amount of dissociated pDFB-Ar arising from dissociation in both D 0 and S 1 . From the ratio of pDFB-Ar ϩ to pDFB ϩ arising from dissociation in D 0 established from the photoelectron spectrum, the contribution to the pDFB ϩ signal from dissociation in the S 1 state can be determined.
Unfortunately, due to the low concentration of pDFB-Ar complexes in the expansion relative to bare pDFB, photoelectron images of the complex have a large background. The problem arises because all photoelectrons are detected simultaneously, irrespective of the source, as discussed previously. 19 A good quality spectrum is required for our purpose and we therefore use the corresponding photoelectron spectrum of pDFB obtained after exciting 5 0 1 . The photoelectron spectrum is obtained from a photoelectron image and, with the following caveat, matches that reported previously by Sekreta et al. 32 The time of flight method employed by Sekreta et al. does not provide accurate intensities at low kinetic energy due to loss of electrons through stray electric fields, etc. 33 The use of the ion imaging apparatus enables the population of the low kinetic energy electrons to be accurately determined. 19 The photoelectron spectrum extracted from the photoelectron image produced by 1ϩ1 REMPI via 5 0 1 is presented in Fig. 2 that can be populated and that the population of these will be minimal relative to the lower levels. 31 The pDFB-Ar Ions produced in 0 0 and 6 1 , from which dissociation cannot occur, account for 54% of the population. Hence the ratio of pDFB-Ar ϩ to pDFB ϩ from dissociation in D 0 is 54:46, i.e., from this mechanism the signal at the pDFB-Ar mass would be ϳ1.2 times greater than the signal at the pDFB mass.
pDFB-Ar ϩ to pDFB ϩ ratios were obtained by measuring the ion signal at the pDFB-Ar and pDFB masses using the ion imaging apparatus. Since the detector can only be gated on once per laser shot, these populations could not be monitored simultaneously. The laser was scanned over the 5 0 1 peak while monitoring a single mass. The area of the peak at each mass was calculated and hence the ratio of pDFB-Ar ϩ to pDFB ϩ determined. This was performed a number of times and the measurements averaged. The magnitude of the signal at the pDFB-Ar mass is 0.22Ϯ0.09 of the signal at the pDFB mass. It was established above that 46% of the complexes excited to D 0 dissociate. From the observed pDFB The TER distribution arising from dissociation in D 0 alone is shown in Fig. 3 . This distribution is fitted to the functional form given in Eq. ͑1͒. The fitting parameters are given in Table I . Having determined both the shape of the D 0 TER distribution and the magnitude of its contribution, its influence can be quantitatively accounted for in the analysis. pDFB-Ar ϩ is produced in a 1ϩ1Ј REMPI excitation via the 0 0 level to prevent dissociation occurring in S 1 . pDFB-Ar ϩ is produced in a number of vibrational states. The energy of the second photon produces pDFB-Ar ϩ with the same excess energy produced in the 5 0 1 one color 1ϩ1 REMPI process. Points are the experimental data. The solid line is a fit to the data of the functional form given in Eq. ͑1͒. The coefficients from the fit are listed in Table I .
B. Dissociation of pDFB-Ar
¿ from 29 2 To study dissociation occurring from a specific level within the cation complex we chose to pump the 29 0 2 transition and ionize in a one color 1ϩ1 REMPI process. Despite 29 2 being above the dissociation threshold in S 1 , the 29 0 2 transition was chosen because ͑i͒ dissociation from 29 2 is known to be very slow and is uncompetitive with the ionization step, 3, 23 and ͑ii͒ the Franck-Condon factors for ionization from 29 2 lead to 29 2 being essentially the only state above dissociation populated in D 0 , as shown through the photoelectron spectrum. 32 The TER distribution obtained after exciting the 29 0 2 transition is shown in Fig. 4 . The fit to the functional form in Eq. ͑1͒ is shown as a solid line in this figure. The fitting parameters are given in Table I . The distribution has the same shape as those presented earlier, peaking at very low translational energy and then showing an exponential-like fall to around zero by ϳ300 cm Ϫ1 . The issue to be determined in the first instance is what states are contributing to the TER distribution seen in Fig. 4 . It is readily shown that dissociation within S 1 is a quite minor contributor at best. First, the rate constants determined by O et al. 3 and by Jacobson et al. 23 both show that dissociation from 29 2 is significantly slower than from other levels ͑a factor of ϳ10 slower than dissociation from 5 1 , for example͒. VP is 18 ns ͑Ref. 3͒ or greater, 23 which means that dissociation within S 1 will not compete with ionization of the complex. Second, the state-to-state dissociation rate constants show that from 29 2 53% of complexes dissociate to 6 1 ͓E trans (max)ϭ103 cm Ϫ1 ͔, 36% to 29 1 ͓E trans (max) ϭ73 cm Ϫ1 ͔ and 11% to 0 0 ͓E trans (max)ϭ513 cm Ϫ1 ͔. 3 Thus only 11% of the S 1 dissociation products will have a translational energy greater than 103 cm
Ϫ1
. Clearly the distribution in Fig. 4 has much more than 11% in excess of 103 cm
. Moreover, there is no evidence for a discontinuity at 103 cm Ϫ1 as one would expect from 29 2 given the vibrational state distribution of the fragments. The evidence therefore supports the proposition that the translational energy distribution obtained following excitation of 29 0 2 is overwhelmingly due to dissociation from 29 2 in D 0 .
IV. DISCUSSION
Because there are different issues in relation to dissociation from 5 1 versus 29 2 , we discuss each separately. The common features are summarized in Sec. V.
A. Dissociation of pDFB-Ar from 5 1
The first issue to examine is the distribution of population amongst the vibrational levels of the pDFB product. This was first reported by Parmenter and co-workers using dispersed fluorescence spectroscopy. [2] [3] [4] They assigned the nascent population to the 6 1 ͑51%͒ and 0 0 ͑49%͒ levels. 6 1 and 30 1 cannot be distinguished in dispersed fluorescence and the authors assigned the population to 6 1 on the basis that the vibrational changes generally found for vibrational predissociation in pDFB-Ar suggest 6 1 to be a more important channel than 30 1 . Using MATI spectroscopy, Lembach and Brutschy have also determined the monomer states that are populated. 6 Like Parmenter, they find that the 0 0 and 6 1 levels are populated following dissociation in S 1 . However, they report that the intensity of some vibrational predissociation bands in the MATI spectrum cannot be accounted for if dissociation proceeds such that only 6 1 and 0 0 are populated. They deduced that some population could also be produced in either one or a combination of 17 1 and suggested that, possibly due to the resolution of the dispersed fluorescence spectrum ͑ϳ12 cm Ϫ1 ͒, Parmenter and co-workers were unable to identify these channels.
The intensity unaccounted for in the MATI spectrum appears to be significant. Thirty to fifty percent of the most intense vibrational predissociation band, which is a blending of the 0 0 0 and 6 1 1 (D 0 ←S 1 ) transitions, i.e., it includes both the 6 1 and 0 0 destination states, is not accounted for in Lembach and Brutschy's analysis. Their fitting procedure assumed that the rotational contours for transitions arising from 6 1 and 0 0 pDFB would be Gaussian in shape and have the same widths. However, since the excess energy available is considerably more in the case of 0 0 ͑451 cm Ϫ1 , cf. 41 cm Ϫ1 for 6 1 ), transitions from 0 0 might show considerably broader rotational contours due to increased rotational excitation of the pDFB fragments produced in this state. The 8 0 1 (D 0 ←S 1 ) band in Fig. 10 of Lembach and Brutschy's paper appears to be broader than the 6 1 0 (D 0 ←S 1 ) band, supporting this proposition. Consequently, we suggest that the estimate that 30%-50% of the intensity cannot be explained by population of 6 1 and 0 0 alone represents an upper limit. Because of the importance of the pDFB vibrational distribution to the present study, our group has recently measured a higher resolution ͑ϳ1 cm Table I. future publication. 34 This spectrum, shown in Fig. 5 Fig. 1 has a 25% contribution from dissociation in D 0 , the distribution for dissociation from 5 1 alone can be determined. The 5 1 TER distribution has 60% of the molecules with translational energy less than 41 cm Ϫ1 , i.e., 60% of the products are produced with translational energy less than the total energy available to the products when pDFB is formed in 6 1 . If 6 1 and 0 0 were the only destination states populated, the TER distribution for 0 0 would have 10% below 41 cm Ϫ1 and 40%
above. The TER distribution for populating 6 1 from 5 1 is likely to be similar to that for populating 0 0 from 6 1 since the excess energies are almost the same. ͑The latter distribution has been reported previously. 28 ͒ If this is the case, population of 6 1 and 0 0 alone would lead to an odd shape for the TER distribution for 0 0 , with a discontinuity around 41 cm
Ϫ1
. Consequently, we suggest that it is likely that 30 1 is populated, however from the data at hand the fraction of population in this level cannot be determined.
Before proceeding we comment further on the shape of the TER distribution seen in Fig. 1 . The distribution is smooth and featureless, showing no structure. Three vibrational levels, 0 0 , 30 1 , and 6 1 , appear to be significantly populated. If the pDFB fragments were produced with minimal rotation, the excess energy would appear as translation and the TER distribution would consist of three bands, at 41 cm Ϫ1 ͑populating 6 1 ), 331 cm Ϫ1 ͑populating 30 1 ), and 451 cm Ϫ1 ͑populating 0 0 ). There is no hint of such structure; indeed, the distribution is approximately zero by 300 cm Ϫ1 , which is well before the 451 cm Ϫ1 released when populating 0 0 , which accounts for almost 50% of the nascent vibrational distribution. Clearly there must be significant rotational excitation of the fragments. Even so, given the very limited number of vibrational states available, the absence of structure in the TER distribution is surprising. Note that the TER distribution from the cation dissociation alone ͑Fig. 3͒ is also smooth, so there is no evidence that structure from dissociation in S 1 is being masked by interference from ''out of phase'' structure arising from the ϳ That a significant proportion of the excess energy appears as rotational energy of the fragments is consistent with broad linewidths being observed in the MATI spectra by Lembach and Brutschy. 6 The rotational contours of bands associated with dissociation in the S 1 state were у7 times as broad as those for nondissociation S 1 resonances. In the dispersed fluorescence spectrum from 5 1 , the linewidths of bands associated with dissociation also indicate that there is rotational excitation of the pDFB fragments. 34 A conservative estimate of the average rotational energy released in the case of the 0 0 pDFB product can be obtained as follows. First, the one quarter contribution to the 5 1 TER distribution from dissociation occurring in D 0 is subtracted by assuming the D 0 TER distribution to be the same as that obtained in the 1ϩ1Ј REMPI experiment ͑see Fig. 3͒ . ͑Since the 5 0 1 and 1ϩ1Ј REMPI TER distributions are very similar, in practice this makes very little difference to the average energy obtained.͒ Second, it is assumed that 30 1 is not significantly populated. ͑If fragments are produced in 30 1 rather than 6 1 , there will be an increase in the fraction of pDFB fragments with higher excess energy and the average rotational energy will be larger than the value deduced here.͒ 0 0 and 6 1 are assumed to be the only levels populated and they are assumed to be populated in equal proportion. Third, the TER distribution for populating 6 1 from 5 1 is subtracted from the resulting distribution assuming 50% dissociation into 6
1 . The TER distribution for populating 6 1 from 5 1 is assumed to be the same as that for populating 0 0 from 6 1 , since the available energy is the same in both cases. This distribution has been reported previously. 28 The average translational energy is determined from the resulting 0 0 distribution to be E trans av ϭ70 cm Ϫ1 . ͑Ignoring 30 1 minimizes the average excess energy and hence minimizes the rotational energy available to the pDFB fragment. If 6 1 is ignored and the final states assumed to be only 30 1 and 0 0 , the average rotational energy available to 0 0 increases by 10 cm Ϫ1 .͒ For energy to be conserved, the 451 cm Ϫ1 of energy available must be taken up by translation and rotation. Therefore, on average ϳ380 cm Ϫ1 must be partitioned into rotational energy, i.e., E rot av ϭ380 cm Ϫ1 . The average angular momentum of the pDFB fragment can be estimated from E rot av . Although pDFB is an asymmetric rotor, the B and C rotational constants, 0.0479 and 0.0364 cm Ϫ1 respectively, are comparable and significantly less than the A rotational constant, 0.1762 cm Ϫ1 . 37 pDFB is therefore a near prolate rotor. For simplicity we consider pDFB to be a prolate symmetric rotor and average the B and C rotational constants. The energy levels for a prolate symmetric rotor are given by:
From this expression we can determine approximate maximum and minimum values for the angular momentum quantum number, J, corresponding to an average rotational energy of 380 cm
. J max occurs when Kϭ0 and J min when KϭJ. When J is large and Kϭ0, Eq. ͑2͒ reduces to
and J max ϭ95. Similarly, when J is large and KϷJ
and J min ϭ46.
Maximum and minimum values for the rotational angular momentum (ͱJ(Jϩ1)បϷJប) are therefore 1.0ϫ10 Ϫ32 and 4.8ϫ10 Ϫ33 Js, respectively. For angular momentum to be conserved the rotational angular momentum must equal the orbital angular momentum. The orbital angular momentum, L, is related to the impact parameter, b, by
Lϭb. ͑3͒
Here is the reduced mass of pDFB-Ar and is the velocity of the fragments. The average velocity can be estimated from the average kinetic energy released to the fragments, E trans av . From Eq. ͑3͒ we determine that impact parameters corresponding to the average rotational energy will be in the range 1.8 -3.7 Å. This range for b gives an indication of the distance of the center of the Ar atom from the center of the pDFB ring at the transition state. For comparison, the C-C bond length is ϳ1.4 Å. A distance of 1.8 Å places the center of the Ar atom beyond the centers of the C atoms. In order for high rotational energy to occur in the pDFB molecule, the Ar atom must be largely off-center from the pDFB molecule when the complex dissociates. Hence a large value of b is required.
The analysis above reveals that the majority of the excess energy is in the pDFB product rotation when 0 0 is the product vibrational level. In this case the available energy is 451 cm Ϫ1 . Is there significant rotational excitation of the product if there is less energy available to translation and rotation? As we have noted earlier, the observation of smooth TER distributions suggests that this is so. Other data support this. We have previously reported the TER distributions for dissociation from 6 1 and 6 1 s 1 , where s denotes the van der Waals stretch. 28 In both cases the excess energy is small ͑41 and 83 cm Ϫ1 for 6 1 and 6 1 s 1 , respectively͒ and the only destination level available is 0 0 . Thus the excess energy can only appear in translation and rotation. The TER distributions both peak at low energy ͑below 20 cm Ϫ1 ͒, revealing that the products are rotationally excited. Lembach and Brutschy observed a broad linewidth to bands originating from the 6 1 product in dissociation from 5 1 where the total excess energy is only 39 cm Ϫ1 . 6 The evidence is that significant rotational excitation of the pDFB fragment occurs for all destination levels, not just those involving a large excess energy.
The mechanism of dissociation is for IVR to first redistribute energy to the van der Waals modes. 1 In a previous publication we pointed out that, once sufficient energy has been transferred from the pDFB vibrational modes to the van der Waals modes, the Ar atom is above the barrier to switching from one side of the ring to another and is able to move around the pDFB chromophore. 29 Calculations for benzene-Ar suggest that this barrier is ϳ200 cm Ϫ1 , 38 which is well below the S 1 dissociation energy of 369 cm Ϫ1 .
28,29
The large value of b we obtain is consistent with the proposition that the geometry of the pDFB-Ar complex is not constrained near equilibrium prior to dissociation, as has been suggested previously in regard to dissociation of van der Waals complexes.
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B. Dissociation of pDFB-Ar ¿ from 29 2 Unlike the case for 5 1 , there are no data available concerning the distribution of population amongst the vibrational levels of pDFB ϩ following dissociation of pDFB-Ar ϩ from 29 2 . However, the evidence strongly suggests that 0 0 will be the dominant destination level. First, the higher dissociation energy for the complex 28, 29 means that only 445 cm Ϫ1 of energy are available, giving only ten possible destination levels. 31 Second, Parmenter and co-workers observed in their studies of dissociation within S 1 that only a few of the vibrational modes were populated and that these were largely the same for all the initial states excited. [2] [3] [4] On this basis very few of the ten possible destination levels will be accessed. Third, the vibrational frequencies are similar in D 0 and S 1 . 31 Consequently it is likely that the dissociation process from 29 2 2 , only 0 0 will lead to a TER distribution above 5 cm Ϫ1 . ͑A caveat here is that, because of the inability to distinguish 6 1 and 30 1 in the dispersed fluorescence studies of dissociation from 29 2 , there could be a contribution from 30 1 , but the excess energy available in that case is also large and so the qualitative conclusions determined for 0 0 also apply to 30 1 .) In the following we examine the consequences that follow if 0 0 is the dominant destination level below 6 1 .
Dissociation to 0 0 releases 444 cm
Ϫ1
. Since the translational energy distribution peaks below 100 cm Ϫ1 and is zero by ϳ300 cm
, there must be significant rotational excitation of the pDFB ϩ fragment. The average translational energy is 60 cm Ϫ1 , giving an average rotational energy in 0 0 of ϳ384 cm
. This is essentially the same value determined for 0 0 in dissociation from 5 1 , and so is not unreasonable. If 0 0 is the dominant destination level below 6 1 , the impact factor will be similar to that deduced for 0 0 produced from 5 1 dissociation since the average rotational energies are similar in the two cases. Assuming 0 0 to the dominant destination level below 6 1 is the extreme that yields the largest rotational excitation. Nevertheless, since the TER distribution has decayed to essentially zero ϳ150 cm Ϫ1 less than the excess energy available for the 0 0 product, if 0 0 is populated to any significant extent ͑and the evidence points to this being the most likely outcome͒, the 0 0 pDFB ϩ product must be excited rotationally.
V. CONCLUSIONS
Translational energy release ͑TER͒ distributions have been presented following excitation of the 5 0 1 and 29 0 2 transitions in pDFB-Ar. Evidence has been presented showing that these TER distributions correspond primarily to dissociation from 5 1 in S 1 pDFB-Ar and 29 2 in D 0 pDFB-Ar ϩ . Analysis of the TER distributions in combination with the vibrational distributions of the pDFB/pDFB ϩ product leads to the following conclusions:
͑1͒ Surprisingly, no structure is seen in any of the TER distributions reported even though there are only a few, widely spaced vibrational levels that can be accessed. The absence of structure points to the products having significant rotational excitation so that the distribution is ''filled in.'' ͑2͒ Rotational motion appears to be an important reservoir for the excess energy. In the case of dissociation from 5 1 , the average rotational energy in the 0 0 level of the pDFB product is 5.4 times the average translational energy released. For 29 2 the situation is less well defined due to the absence of data for the vibrational levels populated in the pDFB ϩ product. Nevertheless, assuming the vibrational propensities for 29 2 to be similar to those seen for the 29 2 level in S 1 pDFB-Ar, we find that similar ratios of rotational to translational energy are likely for 29 2 and 5 1 . Qualitatively we find that in every case where there are data concerning the pDFB product it is rotationally excited, even when only modest amounts of energy are released. ͑3͒ The high rotational excitation observed in the 0 0 pDFB product following dissociation from 5 1 suggests impact parameters greater than the C-C bond length, placing the Ar beyond the aromatic ring at the point of dissociation. The complex does not appear to dissociate from a well-constrained geometry close to the equilibrium configuration ͑which has the Ar above the center of the aromatic ring͒ as has been suggested previously as a reason for differences between van der Waals predissociation and collision-induced vibrational energy transfer. 8 We noted in the Introduction that a number of previous experiments have revealed rotational excitation of fragments in van der Waals complex dissociation. [5] [6] [9] [10] [11] [12] It appears that significant rotational excitation of fragments is common in van der Waals molecule dissociation, at least in the sparse regions of the vibrational manifold of the products. The extent to which rotation remains an important energy reservoir at higher levels of vibrational state density ͑and hence higher density in the vibrational manifold of the products͒ is an interesting question for future research.
